Flow disturbances from a surface wire placed in a laminar boundary layer cause fully developed turbulent flow to be established at the wire when u2d /v > 400, where d is the wire diameter, u2 is the velocity in the laminar layer at a distance d from the surface, and v is the kinematic viscosity.
Introduction
(1)
The behaviour of flow in the boundary layer of a streamline body in the region where transition from laminar to turbulent flow takes place depends on the conditions responsible for the transition. When transition is caused by disturbances of flow in the stream outside the layer, the fluctuating pressure gradients within the layer associated with those without cause spasmodic and transient separations of the layer from the surface over a downstream region whose length depends on, and increases with, the in tensity of the disturbances. When the stream is steady and transition is caused by the retarding influence of a falling stream velocity, the layer separates from the surface, becomes unstable, breaks down, and eventually rejoins the surface as a turbulent layer. The position of separation is fixed by the velocity gradient in the stream, and the separated layer soon breaks down, so that transition extends over a shorter region than when caused by turbulence outside the layer. Transition can also be caused by surface obstructions, and then the disturbances of flow responsible for the transition are directly introduced into the layer by the obstructions themselves.
The present experiments* are concerned with transition phenomena on long streamline bodies of revolution caused by isotropic turbulence in the free stream, by a falling velocity in a steady free stream, and by surface wires. An analysis of observations taken in isotropic turbulent streams behind square-mesh grids is also included.
Investigations on problems of fluid motion which are based on the visual observation of the movements of particles are more conveniently made in water than in air, for particles move appreciably slower in water than in air (about 1/13th) for the same flow pattern given by the same body, and the choice of particles suitable for observation in water is less restricted than it is for air. Observation is facilitated if the body is held fixed in a tunnel stream than if moved through a stationary fluid: and the utility of a tunnel is en hanced if its stream is substantially free from turbulence, for then observa tion of flow can be made for a body either in the steady free stream or in a stream into which turbulence of known intensity and scale has been intro duced by a grid. The water tunnel used in the present work incorporated in its design those features known to be favourable to the production of a steady stream, and was equipped with instruments specially designed for observation of flow.
A p p a r a t u s * (a) Water tunnel (2)
A sketch of the w ater tunnel is given in figure 1 . The tunnel is of the closed-return type, and it is particularly suitable for observation of flow near the surface of long stream line bodies of revolution. The observation cham ber is circular in cross-section and has two semicircular perspex windows. To elim inate astigm atic distortion of view, th e windows are enclosed in w ater cells having vertical perspex sides and free w ater surfaces. The w ater flows from th e inlet chamber to the observation cham ber through a fine honey comb, a settling chamber and a contracting entrance nozzle. The honeycomb straightens the flow and reduces both the scale and intensity of the dis turbances in the inflowing stream , the settling cham ber gives the w ater tim e the speed and to indicate steady running conditions. The stream in the observation chamber is substantially free from turbulence at all speeds and throughout the entire length, except near the wall.
(6) Fluid-motion * (3) A photograph of this instrument is given in figure 2: and a sketch of the instrument and the illumination system arranged for flow observa tion in figure 4. This instrument is designed in the light of experience gained in earlier experiments with apparatus* of the same kind (Fage and Townend 1932; Fage 1936(1) a beam of light to be observed and measured. There is an optimum size and number of particles which gives, for a given brightness of illumination, the best condition for observation. This condition is obtained when bright particles are seen against a dark background: and if too many particles are present the diffused light scattered from them gives a background too bright for sharp contrast.
Suitable particles for observation are those from fine aluminium powder, sifted to obtain a fairly uniform size (0*0015 in.). The field of flow is illumi nated by a horizontal beam of light a t right angles to the axis of the optical system. The illumination system shown in figure 4 gives a light beam of rectangular cross-section (0*40 in. wide and 0*15 in. deep) at the point of observation. The principle of velocity measurement with the fluid-motion microscope depends on the fact th at a particle appears to be stationary when viewed through an instrument moving at the same speed, and as a streak, when viewed at a different speed. Movement of the entire microscope is not necessary, for relative movement can be simulated by a rotation of the Transition from laminar to turbulent flow 205 propmn w indow
objective about an offset axis, the tube and eyepiece remaining fixed. The speed of a particle brought to apparent rest is determined from the measured rotational speed of the objective and a calibration factor. The field of flow is visible for only a small part of each revolution, and the time interval between successive views is shortened by mounting three identical objectives on the rotating disk. The maximum speed at a point of observation in turbulent flow is determined from the highest rotational speed, and the minimum speed from the lowest rotational speed, for which particles appear as points or short cross-stream streaks. The mean speed of flow is given with good accuracy by the mean of the maximum and minimum speeds: and the maximum value of the downstream component of turbulent velocity by onehalf the difference between the maximum and minimum speeds. As men tioned previously, reference should be made to the paper in the Journal of the Aeronautical Society (Fage and Preston 1941) for a full description of the fluid-motion microscope and of the way in which it was used in the present work.
(c) Speed measurement from photographs of particle tracks (4)
The fluid-motion microscope fitted with an interrupter disk and photographic plate and used at a low magnification (about 6:1) allows the speed of a particle to be determined from a measurement of the length of its streak recorded for a known time of exposure. The photographic plate is placed in the position normally occupied by the eyepiece, as shown in figure 3, and particle images on the plate are obtained by the field lens and the objective lens (stationary) of the microscope. The time of exposure is fixed by the interrupter disk (shutter) rotating a t a constant speed, and with the sharp radial edges of the teeth cutting the axis of the image beam as they move at right angles to the direction of motion of the particles. The disk is rotated at a speed which allows a t least two complete streaks of a particle to be recorded on the photographic plate, and the lengths measured on the plate are from the beginning of one streak to the beginning of the next, so that the measurements are not affected by particle size. Velocity can be measured with an accuracy within ± 1 %, and the distribution of mean velocity in a boundary layer down to a distance of about 0*004 in. from the surface can be determined. A representative photograph of particle tracks in a boundary layer is given in figure 5 (plate 5).
Transition caused by isotropic turbulence IN FREE STREAM
(5) Experiments were made on a smooth streamline body of revolution, model I, in turbulent streams produced by square-mesh grids upstream of the model. Model I is a long circular cylinder of external diameter 3 in., to which a semi-ellipsoidal nose-piece of diameter 3 in. and length 6 in. is screwed (figure 6 a). The model was aligned with its axis along th a t of the observation chamber, and supported at the tail in a rigid housing, about 16 in. beyond the downstream end of the chamber. The model was hollow and watertight, and the shell thickness was such th at the overhung weight of th e m odel was ju s t balanced b y th e buoyancy o f th e displaced w ater. There was therefore no distortion of shape due to th e w eight, an d no in te r ferences w ith th e flow arising from th e m eth o d o f su p p o rt. Two grids, designated I an d II, were used. The m esh, M , of grid I was 0*5 in., an d o f grid I I 0*25 in. E ach grid was constructed of tw o sets of equally spaced circular rods, th e rods of one set touching an d being a t rig h t angles to those of th e o ther set. The rods were held rigidly in a th in circular ring, m ade to fit th e entrance to th e observation cham ber, a t a section 7*4 in. u p stream of th e nose of th e model. The experim ents were fram ed to o b tain d a ta w hich w ould show w hether a num ber rep resen tativ e o f th e conditions in th e boun d ary layer a t th e tran sitio n p oin t could be o b tain ed in term s o f th e in ten sity and scale of th e turbulence in th e stre am outside th e layer, th e velocity a t th e o uter edge of th e layer and th e thickness o f th e layer; an d for th is purpose m easurem ents of th e position o f tran sitio n , o f turbulence, and of norm al-pressure were m ade. 
(a) Experiments (6) The position of tran sitio n was determ ined from observations of th e behaviour of a fine filam ent b an d of w hite ink flowing into th e lam inar boundary layer from a surface hole a t an axial distance of ab o u t 0-25 in. from th e nose. A t first, a filam ent band flowed steadily along th e surface w ithout perceptible change in breadth, b u t eventually an a b ru p t tran sien t thickening having th e appearance of a puff occurred. The puffs were em itted spasmodically over an appreciable length of th e model, w ith an in ten sity and frequency increasing w ith th e distance dow nstream , and u ltim ately th e filam ent band diffused rapidly into the surrounding w ater. The tran sitio n region is ta k en to be th e region w ithin which puffs are seen, and th e tran sitio n point to be the point nearest the nose at which puffs are seen. A filament band is therefore rarely broken a t a transition point and rarely seen beyond the end of a transition region. The positions of transition point obtained from filament observations on the model in the turbulent streams behind the two grids are plotted against datum stream velocity in figure 7 , where A is the axial distance from the nose, and U0 is the datum velocity measured just outside the boundary layer at X = 24*3 in. The tr towards the nose as the stream velocity increases, and occurs earlier in the turbulent stream behind grid I than in th at behind the finer grid II. The standard method of locating transition in a boundary layer is from the reading of a small total-head tube on the surface: the stream velocity for which the transition point coincides with the position occupied by the mouth of the tube being th at for which the pressure given by the tube changes abruptly with an increase in stream velocity. Pressure observations were taken with two surface tubes of the Stanton type (figure 8), one tube being mounted a t A = 6*9 in. with its upper lip about 0*02 in. from the surface, and the other at A = 3*91 in. with its upper lip about 0-01 ^1GUE® 8* Surface tube, in. from the surface. The results obtained are plot-in. ted in figure 7, and they lie close to the curve obtained from filament observations. The present method of observing the position of transition point from the behaviour of a filament band Ur&il therefore gives results consistent with those given by the surface-tube method*. (8) Normal pressures p at small holes on a generator line of the m measured on a Chattock ethylene di-bromide gauge (13 in. or 26 in. cup centres) against a datum pressure, p 0, taken at the hole X of the non-dimensional coefficient (p -p 0)/^pUl calculated from these pressure measurements changed with the stream velocity, but the change was quite small. The difference in the values for the two turbulent streams was also small. Mean values of (p -P o ) l % p o taken for the two st for several velocities (U0 = 3 to 5 ft./sec.) are given in table 1. Fro pressure coefficients the velocity just outside the outer edge of the boundary, ux, was calculated on the assumptions that the pressure in the layer is con stant and equal to the value on the surface, and th at the total head in the stream just outside the layer is constant. These values of uJUq are given in table 1. The value of uJUq increases continuously with over the entire length of the model. The increase on the parallel part 6 in.) arises from the constriction of flow due to the boundary layers on the model and the tunnel wall. Values of the momentum thickness of the boundary layer, denoted by required for the analysis below were calculated from the distribution of uJUq given in table 1 by the method given in § 24. The momentum thickness
and u is the tangential component of the velocity in the boundary layer a t a normal distance y from the surface.
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Calculated values of ^ 1--1 , and dfdenoted by A, where D is the diameter of the maximum cross-section of the body, and is the peripheral distance from the nose of the body, are given in table 5.
(6) Avidly sis of experimenta (9) Transition due to turbulence in the free stream is considered to arise from transient separations of the boundary layer from the surface caused by the pressure gradients within the layer associated with those without. The disturbing effect within the layer of the pressure gradients without dp' depend on dp') , where is the value of the pressure gradient at any ds ) * instant, on the thickness of the layer 8, on the velocity a t the outer edge of the layer wr and on the viscosity fi. Taylor (1936) has suggested th a t according to the Karman-Pohlhausen theory it would be expected, when transition is caused solely by turbulence in the free stream, th at the instantaneous distrib u tion o f v e lo c ity in th e layer w ou ld d epend on th e v a lu e o f 82 dp' I t follow s th a t th e non-dim ensional num ber h a v e a definite v a lu e a t tran sition . In th e sam e paper th e relation
/m t W \ p u x ds '
sh ou ld te n d to
is derived for isotropic turbulence in th e stream behind a grid of mesh M > 60^, where is the root-m ean-square of th e dow nstream com ponent of tu rb u len t velocity, and A is a universal same type. On substitution of this relation for , th e num ber
Vy? / where u T is the m axim um value of ut. The values of --and of { I can be U T \T r J tak en to be constant (see § § 26 and 24). Taking th e ( f )th root and ignoring (dum \ / v \* th e con stan t w e g e t th e non-dim ensional num ber | --I I -| ( --I , and \ v \M J \d -u j on the present argum ent this num ber should ten d to have a constant value a t transition. F or convenience of reference this num ber will be denoted by th e symbol Values of £M a t transition calculated from the experim ental d a ta for th e model in th e turbulent stream s behind th e two grids are p lo tted against th e value of -d'ujv a t transition in figure 10 . The values of i~M for grid I increase / &u \ progressively from 0-60 to 0-86 1100<--< 2 6 0 1, those for grid I I from / 'fy'lb \ 0-55 to 0-62 I 2 6 0 < -^< 4001; and although th e values are no t constant* they have the same order of magnitude. The average value for the two streams is 0-65.
I t is here of interest to mention th at it can be shown th at the nondimensional number d-Ujijv tends to have a constant value at transition. The value of this number for the model behind grid I rises from 11*0 to 14*4 100 < < 260j , and behind grid II from 10*4 to 11*2 ^260 < < 400^. The values of non-dimensional numbers involving d-will depend on whether the measured value or the value calculated from a solution of the boundary layer equations for steady flow is taken, for there is reason to believe (Dryden 1936 ) th at when the flow in the free stream is turbulent the actual value of $ is greater than the theoretical value. (12) Model I I (figure 66) was formed by a semi-ellipsoidal nose-piece of diam eter 3 in. and length 6 in., a cylindrical p a rt of diam eter 3 in. and length 4 in., and a tail tapering in diam eter from 3 to 2 in. over a length of 16 in. The shape of th e tail generator is given by 75'8 (1*5 -Y ) -( -10)1'31, where Y is the radius in inches a t an axial distance X inches from th e nose. The model was supported in the free stream of the tunnel by a spindle a t the tail (see rem arks for Model I, § 5), and transition caused by the falling velocity arising from the taper of the tail was observed.
Transition caused by a falling velocity in the free stream {a) 'Model I I (13)
Non-dimensional pressure coefficients obtained from measurements a t a number of small holes on a generator of the model, and for a datum velocity U0 and pressure p 0 taken at a point just outside the boundary layer at X = 22in., are given in table 2. The last column of the table gives values of uJUq for UQ = 3-03 ft./sec., determined from the measured pressure (see § 8). The value of uJUq rises from zero on the nose to a maximum at X = 8*1 in., and then falls continuously on the tail. 
Observations of the behaviour of filament bands and of particles in the boundary layer were made for a number of stream velocities within the range 1-5*2 ft./sec. at a water temperature 60°F (v = 12*1 x 10-6 ft.2/sec.). The observations for velocities below 1*6 ft./sec. indicated th a t the flow was laminar over the entire length of the model, and th a t the layer separated from the surface a t the junction with the supporting spindle. For the velocity range U0 -l*6-2*3 ft./sec., filament bands thickened and oscillated near the end of the tail and then separated from the surface, the separation becoming more definite with an increase in velocity; also particles on the surface were brought to rest as the separation point was approached, and beyond they exhibited the to-and-fro movements associated with reversal of flow. The position of separation changed from about X = 24*7 in. for U0 -1*6 ft./sec. to X = 23*5 in. for U0 = 2*3 ft./sec. From U0 = 2*3 ft./sec. filament bands separated from the surface (X = 23*5 to 25*5 in.), became very unsteady after separation, and soon broke down into discrete eddies: and particles arrived with a steady slow velocity at the separation point and were then swept rapidly away. Above U0 = 3*7 ft./sec., the characteristic feature was a sudden breakdown of the laminar boundary layer and the emission of puffs of diffused turbulence (X = 23 in.). The puffs were definite and they occurred spasmodically, and resembled those emitted when transition is caused by turbulence in the free stream. In brief, the observations showed a definite separation of the laminar boundary layer from the surface a t the lower velocities, a breakdown from laminar to turbulent flow in the separated layer a t the medium velocities, and a fairly sudden but not stationary transition from laminar to turbulent flow a t the higher velocities: and it would seem from the sequence of these changes with speed and their occurrence on the same part of the model th at transition at the higher speeds is due to a separation of the laminar boundary layer from the surface.
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Distributions of velocity in the boundary layer, u against y, de termined from photographs of particle streaks (see § 4) are given in figure 11 . The length of the surface covered is from the position of maximum velocity to near the position of boundary-layer separation: and the curves show for this region the change in velocity distribution, and the fall in the velocity gradient at the surface to the zero value at separation. The velocity distribu tions plotted for the station X = 25*8 in. were obtained from four plates. The values of u measured on each plate fall on a smooth curve, but the curves differ from plate to plate. The velocity distribution in the region of separa tion therefore changes with time, and separation does not occur at a fixed position. The dotted curve in figure 11 (X = 8 in..) gives the distribution of Vol. 178. A.
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u calculated by the Karman-Pohlhausen method ( §24). This theoretical distribution is in close agreement with the measured distribution.
(16) I t would be possible to obtain a check on the observed position of separation by a comparison with the position obtained, for the measured distribution of ux, from a solution of the boundary layer equatio method due to Howarth (1938) . To apply this method to the region of falling velocity on the tapering tail of the model would necessitate the calculation of a new set of coefficients (see Howarth's paper), and this calculation did not seem to be worth while because of the labour which would be involved, and because the coefficients would be applicable only to the particular body for which they were calculated. There is, however, reason to believe th a t the observed position of separation is near the position which would be given by calculation (see §21).
A. Fage and J. H. Preston (6) Model I
(17) The position of separation of the laminar boundary layer on a body of revolution in a stream in which the velocity falls in the direction of flow can be determined by the method and for the coefficients given in Howarth's paper, provided the body has a constant cross-section and the thickness of the boundary layer is small compared with the radius of the cross-section, so th at the flow in the layer approximates to the two-dimensional type. These conditions hold for model I, and to obtain data needed for a com parison between theory and observation, experiments were made on this model in a divergent stream, obtained by fitting a divergent sleeve with a faired entry into the tunnel. The sleeve was made in three parts: the first was 18-5 in. long and had a uniform diameter of 5*8 in.; the second tapered in diameter from 5-8 to 6-2 in. over a length of 21 in.; and the third was 14-5 in. long and had a uniform diameter of 6*2 in. The first and third parts were made of thin brass tubes and the tapered part of perspex. The model was supported in a housing well beyond the observation chamber, and the taper began 9 in. beyond the nose of the model.
(18) Distributions of pressure measured on a generator of the model are given in table 3, in terms of non-dimensional coefficients and for a datum velocity U0 and pressure p 0 taken just outside the boundary layer at X = 20 in. Distributions of uJUq calculated from the pressure distributions for U0 = 1*7 and 3-0 ft./sec. are given in the last two columns of the table. The value of uJUq reaches a maximum value at = 9*17 in., and then falls continuously with an increase in X . (19) Observations of the behaviour of filament bands on the surface of the model were made at U0 = 1-7 and 3-0 ft./sec. (water temperature 61*5° F, v -11-8 x 10_6ft.2/sec.). At the lower velocity, the filament bands were steady and straight from the nose to about 18 in.: but beyond this station they were either steady and straight, or else they curved slowly on the surface, and, after straightening again at about = 24 in., waved slightly and spread laterally. No separation of filament bands from the surface was observed. At the higher velocity, filament bands were steady and straight as far as X = 18 or 19 in., and then spread spasmodically fan-like fashion. Puffs having the appearance of a break in the band occurred infrequently in the region near X = 18-5 in., and frequently near X = 25 in. No separation of filament bands was observed. The position of transition could not be observed with precision, but it was probably beyond X = 18-5 in., where puffs were occasionally seen, and not so far back as X = 25 in., where puffs were frequent. It is not to be expected th at the conditions of flow in the boundary layers of the two models would be the same for the same gradient of since model II has a tapering tail whereas model I has a tail of uniform cross-section, but it would seem justifiable to draw the conclusion th at the observed position of separation on model II is probably not far from the position which would be obtained by calculation.
Transition caused by surface wires
(22) Local disturbances of flow due to a surface wire placed in a laminar boundary layer at right angles to the direction of flow depend on the diameter of the wire and on the conditions of flow in the region where the wire is placed: and the forward movement of transition due to a wire depends on the local disturbances created by the wire and on the conditions which existed in th e boundary layer beyond th e wire before it was introduced into th e layer. Local disturbances of flow due to surface wires and th eir effect on th e position of transition were observed on models I and I I in th e w ater tunnel (uniform cross-section) by m eans of fine filam ent bands of w hite ink flowing sm oothly out of a small surface hole in fro n t of th e wire. E ach wire was m ounted on the surface of a model in th e form of a ring w ith its plane norm al to the model axis. Special consideration was given to th e case for which th e disturbances created by a wire were sufficient to bring transition to th e wire itself. O bservation was m ade for wires of diam eter 0*007-0*048 in. and for a range of U0 from 1-6 ft./sec. F or model I th e datu m velocity U() was tak en a t a point ju st outside the boundary layer a t = 24*3 in., and for model I I a t X = 22*0 in. The changes of flow in th e boundary layer a t and beyond a wire revealed by th e behaviour of filament bands follow th e same general sequence w ith increase in stream velocity; b u t the velocity a t which a p articu lar m anifesta tion occurs depends on the diam eter and position of th e wire. A t a low velocity, a filament band flowed steadily and smoothly over a wire w ithout forming a wake, and, w ith an increase in speed, local standing vortices behind th e wire were formed. A t first, these vortices were fairly steady, b u t w ith an increase in velocity, the ink entrained w ithin them spread w ith a spiral m otion circumferentially along the wire, either on one or on both sides of th e m ain filament, and either in a continuous or in a periodic m anner. Sometimes th e ink was carried far around the model in the form of a tig h t spiral and th en discharged, continuously or interm ittently, into the boundary layer in the form of a secondary weak filament band. Transition in th e secondary band sometimes occurred earlier th a n in the m ain band. A t higher velocities, the circumferential m ovem ent disappeared, the standing vortex drew out, and opened a t its dow nstream end in the form of a vortex sheet. This sheet eventually broke down, formed a tu rb u len t wake, and carried downstream a highly diffused band of ink.
W ith the approach to a transition region some distance dow nstream from a wire, a filament band tended to wave slightly and occasionally to lift from the surface. W ithin the transition region, puffs of w hite ink were em itted from the filament in a spasmodic m anner, both the strength and the fre quency of appearance of the puffs increasing w ith the distance downstream . Beyond the transition region, a filament band became widely diffused and spread rapidly into the stream . The position nearest the nose of a model a t which puffs were seen was taken to be the transition point. As the velocity increased and the transition point approached a wire, the length of th e transition region over which puffs were seen tended to become shorter, and, when transition a t the wire was just completed, no trace of the filament band was visible.
With fine wires, the wire disturbances in a slow stream were damped out before the region of retarded flow was reached. With medium wires and for medium stream velocities, transition appeared to be due to eddies and to separation of the boundary layer. With larger wires and higher velocities, a filament band behaved in the same manner as when transition is caused by turbulence. On model II, transition arose from the combined effect of the velocity gradient in the free stream and the wire disturbances, but on model I, from the wire disturbances only: and the additional effect of the velocity gradient made transition more definite. representative of the results obtained for model I, except th at in a few cases the position of transition could not be located with the same precision. The lowest value of U0 which brings transition to a wire was found from curves such as those in figure 13 . These values for the two stations on each model are given in Transition from laminar to turbulent flow 'norm al' distribution curve for this group interval and the value 0*1465 of 'yUf/U calculated from the measurements, are given in figure 15 . The 'norm al' curve passes evenly through the tops of the rectangles of the histogram so th at the distribution of uJU is closely an ideally random one.
The value of uT/U recorded on the film was 0*482, so th a t uT = 3*3 ^u\.
I t is of interest to add th at Townend (1934) has shown th a t uT = 2*9 for fully developed turbulent flow in a square pipe, and th at Simmons and Salter (1934) have obtained the relation uT -2*8 for flow behind a grid by a photometric method involving the use of a fine hot-wire anemometer. The 'normal' relation is 2/^1 -(Wy/J/) 2 -= Hj (tty/?/) g = so th at the standard time of observation with the fluid-motion microscope is such th a t no appreciable increase in the value of u T/U is to be expected if observation were made for a much longer time. I t is unlikely th at an ideally random distribution of ut can exist, for this implies th at extremely large values of u Tf U would be observed if observation were made over a very long time. Although the present experiments were concerned with observation of the movements of particles, it is really the movements of small masses of water which are involved, and it is difficult to believe that these small viscous masses can have very large values of u T. The m utual attraction between the chain molecules in a paraffin crystal is essentially due to polarization forces of the van der Waals type. Previous calculations (Muller 1936a) show th a t the lattice energy of a hydrocarbon crystal is accounted for by these forces within reasonable limits.
In the present paper an attem pt is made to obtain more information about the forces acting between paraffin molecules, attention being con centrated chiefly on the repulsive forces.
The paper is in two parts. The first deals with experiments on the com pressibility, the second with the nature and magnitude of the forces which hold the molecules together in the lattice.
